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BACKGROUND OF T HE INVENTION 

O Generation of soluble divalent or multivalent molecular complexes 

m comprising MHC class n or T cell receptors (TCR) is complicated by the fact 

p that such complexes are formed by heterodimeric integral membrane proteins. 

^ 10 Each of these protein complexes consists of a and P integral membrane 

S polypeptides which bind to each other, forming a fiinctional unit involved in 

Q immune recognition. While both class n MHC and TCR molecules have 

p stable, disulfide-containing immunoglobulin domains, obtaining thm in 

ry properly folded form in the absence of their respective integral m^nbrane 

Q 15 regions has proven to be diflBcult (6, 12). 

Strategies have been developed to facilitate subunit pairing and 
expression of soluble analogs of integral membrane heterodimeric complexes 
(for review, see 4). Initially, the extracellular domains of a TCR (5, 6) or 
class n MHC (7) w^e linked via glycosylphosphatidylinositol (GPI) 
20 membrane anchor sequences, resulting in surface e>q)ression of the 

polypeptide chains to enhance subimit pouring. Subsequent enzymatic 
cleavage resulted in the release of soluble monovalrat heterodimers fi*om the 
GPI anchors. AnothCT strategy fadlitated pairing by covalent linkage of 
immunogjobulin light chain constant regions to constant regions of the TCR a 
25 and P chains (8). Direct pairing of the a and P chains of a TCR during 

synthesis has also been accomplished by covalent linkage of the variable 
regions of the a and p chains spaced by'a 25 amino acid spacer (9) or by 

1 



linking the variable region of the a chain to the extracellular vpcp chain with 
a 21 amino acid spacer (10). This strategy, too, results in monomers. In 
several constructs, oc/p dimerization was fiicilitated by covalent linkage of the 
leucine zipper dimerization motif to the extracdhilar domains of the a and P 
polypq>tides of TCR or class n MHC (1 1-13). Pairing of the extracellular 
domains of the a and P chains of class n MHC has also been achieved after 
the chains were produced in separate expression systems (14, 15). Howcvct, 
the utility of these probes is limited by their intrinsic low afiBnity for cognate 
ligands. 

Approaches have also been developed to generate probes for 

antigen-specific Tjcells. The first £q)proach used to develop spedfic reagents 
to detect clonotypic TCRs was the generation of high a£5nity anticlonotypic 
monoclonal antibodies. Anticlonotypic monoclonal antibodies discriminate on 
the basis of specific TCR Va and VP conformational determinants, which are 
not direcdy related to antigenic specificity. Thwefore, an anticlonotypic 
antibody will interact with only one of potentially many antigen-specific 
different clonotypic T cells that develop during sxx immune response. 

The development of reagents \^ch differentiate between specific 
peptide/MHC complexes has also been an area of extensive research, 
Recentiy, investigators have used soluble monovalent TCR to stain cells by 
crosslinking TCRs with avidin after they have been bound to a cell (10). 
Another approach has been to generate monoclonal antibodies which 
differentiate between MHC molecules on the basis of peptides resident in the 
groove of the MHC peptide binding site. While theoreticalty this approach is 
appealing, such antibodies have been difiScult to generate. Conventional 
approaches have produced only a few such antibodies with anti-peptide/MHC 
specifidty (36-38). It is not clear why this is the case, but the difficulty may 
reflect the fact that peptides are generally buried within the MHC molecule. 

Two new approaches have been developed to obtain peptide-spedfic, 
MHC dependent monoclonal antibodies. One approach utilizes a recombinant 
antibody phage display library to generate antibodies which have both 



peptide-spedficity and MHC restriction (42). In the second approach, mice 
are immunized with defined peptide/MHC complexes, foDowed by screening 
of very large numbos of the resultant monoclonal antibodies (43, 44). 
However, the need to screen large numbers of monodonal antibodies is a 
disadvantage of this method. 

Thus, there is a need in the art for soluble, multivalent molecular 
complexes with high aflSnity for antigenic peptides which can be used, for 
example, to detect and regulate antigen-spedfic T cells and as therapeutic 
agents for treating disorders involving immune system regulation. 

SUMMARY OF THF TNVFT^O]nt 

It is an object of the present invention to provide reagents which 
spedficaUy and stably bind to and modulate antigen-spedfic T ceUs. These 
and other objects of the invention are provided by one or more of the 
embodiments described below. 

One embodiment of the invention provides a molecular complex which 
comprises at least four fiision protdns. Two first fiision proteins comprise an 
immunoglobulin heavy chain and an extracellular domain of a first 
transmembrane polypeptide. The immunoglobulin heavy chain comprises a 
variable region. Two second fiision proteins comprise an immunoglobulin 
light Cham and an extracellular domain of a second transmembrane 
polypeptide. The fiision proteins associate to form the molecular complex. 
The molecular complex comprises two ligahd bindmg sites. Each ligand 
binding site is formed by the extraceUular domains of tiie first and second 
transmembrane polypeptides. The aflSnity of the molecular complex for a 
cognate Ugand is increased at least two-fold over a dimeric molecular 
complex consisting of a first and a second fiiaon protein. 

Another embodiment of tiie invention provides a polynucleotide. The 
polynucleotide encodes a first and a second fiision protein. The first fiision 
protein comprises an immunoglobulin heavy chain and an extracellular domain 
of a first transmembrane polypeptide of a heterodimeric protdn. The 



immunoglobulin heavy chain comprises a variable region. The 
immunoglobulin light chain is C-terminal to the extracellular domain of the 
first transmembrane polypeptide. The second fusion protein comprises an 
immunoglobulin light chain and an extracellular domain of a second 
transmembrane polypeptide of the heterodimeric proteia The 
immunoglobulin light chain is C-terminal to the extracellular portion of the 
second transmonbrane polypeptide. The extracellular domains of the first 
and second transmembrane polypeptides form a ligand binding site. 

Still another embodiment of the invention provides a host cell 
comprising at least one expression construct encoding a first and a second 
fiision protein. The first fusion protein comprises an immunoglobulin heavy 
chain and an extracellular domain of a first transmembrane polypeptide of a 
heterodimeric protein. The immunoglobulin heavy chain comprises a variable 
region wherdn the immunoglobulin light chain is C-terminal to the 
extracellular domain of the first transmembrane polypeptide. The second 
fusion protein comprises an immunoglobulin light chain and an ^ctracellular 
domain of a second transmembrane polypeptide of the heterodimeric protein. 
The immunoglobulin light chwi is C-terminal to the extracellular portion of 
the second transmembrane polypeptide. The extracellular domains of the first 
and second transmembrane polypeptides form a ligand bindmg site. The 
afiBnity of the molecular complex for a cognate ligand is increased at least 
two-fold over a dimeric molecular complex consisting of a first and a second 
fiision protein. 

Yet another embodiment of the invention provides a composition. 
The composition comprises a cell in which a molecular complex is bound to 
the surfiice of the cell. The molecular complex comprises at least four fusion 
proteins. Two first fusion proteins conq)rise an immimoglobulin heavy chain 
and an extracdlular portion of a first transmembrane polypeptide. The 
immunoglobulin heavy chain comprises a variable regioa Two second fusion 
proteins comprise an immunoglobulin light chain and an extracellular portion 
of a second transmembrane polypeptide. The fusion proteins associate to 



form a molecular complex. The molecular complex conq)rises two ligand 
binding sites. Bach ligand binding site is formed by the extracellular domains 
of the first and second transmembrane polypeptides. The affinity of the 
molecular complex for a cognate ligand is increased at least two-fold over a 
dimeric molecular complex consisting of a first and a second fiision protein. 

A fiirther embodiment of the invention provides a method for treating 
a patient suffering firom an all^gy. A molecular complex is administo-ed to 
the patient at a dose suffidrat to suppress or reduce a T cell response 
associated with the allergy. The molecular complex comprises at least four 
fiision proteins. Two first fiision proteins comprise an immunoglobuBn heavy 
chain and an extracellular domain ofa first transmembrane polypeptide. The 
immunoglobulin heavy chain comprises a variable region. Two second fiision 
proteins comprise an immimoglobulin light chain and an extracellular domain 
of a second transmembrane polypeptide. The fiision proteins assodate to 
form a molecular complex. The molecular complex comprises two ligand 
binding sites. Each ligand binding site is formed by the extracellular domains 
of the first and second transmembrane polypeptides. The affinity of the 
molecular complex for a cognate ligand is increased at least two-fold over a 
dimeric molecular comply consisting of a first and a second fiision protein. 
Each ligand binding site is bound to an antigenic peptide. The antigenic 
peptide is an antigen to ^^ch the patient has an aller^c response. 

Even another embodiment of the invention provides a method for 
treating a patient who has received or will receive an organ transplant. A 
molecular complex is administered to the patient at a dose suffident to 
suppress or reduce an immune response to the organ transplant. The 
molecular complex comprises at least four fiision protdns. Two first fiision 
proteins comprise an immunoglobulin heavy chain and an extracellular domain 
of a first transmembrane polypeptide. The immunoglobulin heavy diain 
comprises a variable re^on. Two second fiision protdns comprise an 
immunoglobulin light chain and an extracellular domain of a second 
transmembrane polypeptide. The fiision proteins associate to form a 



molecular compile. The molecular complex comprises two ligand binding 
sites. Each ligand binding site is formed by the extracellular domains of the 
first and second transmembrane polypq)tides. The aflSnity of the molecular 
complex for a cognate ligand is ino-eased at least two-fold over a dimeric 
molecular complex consisting of a first and a second fusion proteia Each 
ligand binding site is bound to an antigaiic peptide. The antigenic peptide is 
an alloantigen. 

Yet another onbodiment of the invention provides a method for 
treating a patient suffering fi-om an autoimmune disease. A molecular 
complex is administered to the patient at a dose sufficient to suppress or 
reduce the autoimmune response. The molecular complex comprises at least 
four fusion proteins. Two first fusion proteins comprise an immunoglobuUn 
heavy chain and an extraceUular domain of a first transmembrane polypeptide. 
The immunoglobulin heavy chain con^rises a variable region. Two second 
fusion proteins comprise an immimogjobulin light diain and an extracellular 
domain of a second transmembrane polypeptide. The fusion proteins 
associate to form a molecular complex. The molecular complex comprises 
two ligand binding sites. Each ligand binding site is formed by the 
extracellular domains of the first and second transmembrane polypeptides. 
The aflBnity of the molecular complex for a cognate ligand is increased at least 
two-fold over a dimeric molecular conq)lex consisting of a first and a second 
fusion protein. Each ligand binding site is bound to an antigenic peptide. The 
antigenic peptide is one to which the patient expresses an autoimmune 
response. 

Another embodiment of the invention provides a method for treating a 
patient having a tumor. A molecular complex is administered to the patient at 
a dose suflBcient to induce or enhance an immune response to the tumor. The 
molecular complex comprises at least four fijsion proteins. Two first fusion 
proteins comprise an immunoglobulin heavy chain and an extracdlular domain 
of a first transmembrane polypeptide. The immunoglobulin heavy chain 
comprises a variable region. Two second fiision proteins comprise an 



immunoglobulin light diain and an extracellular domain of a second 
transmembrane polypeptide. The fiision proteins assodate to form a 
molecular complex. The molecular comply conq>rises two ligand binding 
sites. Each ligand binding site is formed by the extracellular domains of the 
first and second transmembrane polypeptides. The afiSnity of the molecular 
complex for a cognate ligand is ino-eased at least two-fold ovct a dimeric 
molecular complex consisting of a first and a second fiision protein. Each 
ligand bmding site is bound to an antigenic peptide. The antig^c peptide is 
expressed on the tumor. 

Still another ^bodiment of the invention provides a m^od for 
treating a patient having an infectionx^ A 
molecular complex is administered to the patient at a dose suflScient to induce 
or enhance an immime response to the infection. The molecular complex 
comprises at least four fiision proteins. Two first fiision protdns comprise an 
immunoglobulin heavy chain and an extracellular domain of a first 
transmembrane polyp^tide. The immunoglobulin heavy chain comprises a 
variable region. Two second fiision proteins conq)rise an immunoglobulin 
light chain and an extracellular domain of a second transmembrane 
polypeptide. The fiision proteins associate to form a molecular complex. The 
molecular complex comprises two ligand bindiiig sites. Each ligand binding 
site is formed by the extracellular domains of the first and second 
transmembrane polypeptides. The affinity of the molecular complex for a 
cognate ligand is increased at least two-fold ov^- a dimeric molecular 
complex consisting of a first and a second fiision protein. Each ligand binding 
site is boimd to an antigenic peptide. The antig»ic peptide is a peptide of the 
infectious agent. 

Another embodiment of the invention provides a method of labeling 
antigen-spedfic T cells. A sample which comprises antigen-spedfic T cells is 
contacted with a molecular complex. The molecular complex comprises at 
least four fiision protdns. Two first fiision protdns comprise an 
immunoglobulin heavy chain and an extracellular domain of a first 



transmembrane polypeptide. The immunoglobiilin heavy diain comprises a 
variable region. Two second fiision proteins comprise an immunoglobulin 
light chain and an extracellular domain of a second transmembrane 
polypeptide. The fusion proteins associate to form the molecular complex. 
The molecular complex comprises two ligand binding sites. Each ligand 
binding site is formed by the extracellular domains of the first and second 
transmembrane polypeptides. The afiSnity of the molecular complex for a 
cognate ligand is increased at least two-fold over a dimeric molecular-=^ 
complex consisting of a first and a second fiision protein. Each ligand binding 
site is bound to an identical antigenic peptide. The antigenic peptide 
spedfically binds to the antigen-specific T cells. The cells are labeled with the 
molecular complex. 

Yet another embodim»t of the invention provides a method of 
activating antigen-specific T cdls. A sample \diich comprises antigen-spedfic 
T cells is contacted with a molecular complex. The molecular complex 
comprises at least four fiision proteins. Two first fiision proteins comprise an 
immunoglobulin heavy chain and an extracellular domain of a first 
transmembrane polypeptide. The inmiunoglobulin heavy duiin comprises a 
variable region. Two second fiision proteins comprise an immimoglobulin 
light chain and an extracellular domain of a second transmembrane 
polypeptide. The fiision proteins associate to form the molecular complex. 
The molecular complex comprises two ligand binding sites. Each ligand 
binding site is formed by the extracellular domains of the first and second 
transmembrane polypeptides. The afi&nity of the molecular conq>lex for a 
cognate ligand is increased at least two-fold over a dimeric molecular 
complex consisting of a first and a second fiision protein. Each ligand binding 
site is bound to an identical antigenic peptide. The antigenic peptide 
specifically binds to and activates the antigen-specific T cells. 

Even another embodimmt of the invention provides a method of 
labeling a spedfic peptide/MHC complex. A sample comprising a 
peptide/MHC complex is contacted with a con4)osition comprising a 
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molecular complex. The molecular complex comprises at least four fusion 
proteins. Two first fusion proteins comprise an immimoglobulin heavy chain 
and an extracellular domain of a TCR a chain. Two second fiision protdns 
comprise an immunoglobulin light chain and an extracellular domain of a TCR 
P chain. The fiision proteins assodate to form a molecular complex. The 
molecular complex comprises two ligand binding sites. Each ligand binding 
site is formed by the extracellular domains of the TCR a and P chains. The 
affinity of the molecular conq)l^ for a cognate ligand is increased at least 
two-fold over a dimeric molecular complex consisting of a first and a second 
fusion protein. The ligand binding site spedfically binds to and labels the 

peptide/MHC.cpmpl^. ^ 

Thus, the present invention provides a general approach for producing 
soluble multivalent versions of heterodimOTC proteins, such as T cell 
receptors and class n MHC molecules. These multivalent molecules can be 
used, inter alia, as diagnostic and therap^itic agents for treating immune 
disorders and to study cell-cell interactions which are driven by multivalent 
Ugand-receptor interactions. 



BIHEF DESCRIPTION OF THE DRAWINGS 

Figure 1 A. A typical configuration of a heterodimeric double 
transmenibrane protein. F^relB. Het«-odimeric transmembrane protein 
made divalent and soluble by covalent linkage of outer-membrane region to 
antibody. Figure IC. Outer-membrane r^on of MHC class n covalently 
linked to an antibody. Figure ID. A schraiatic of the chimeric protdn 
showing the TCR a polypeptide (shaded) linked to IgGl heavy chain and 
TCR P polypeptide (shaded) linked to Ig kappa light chain is shown. The 
linkers between the chimeric chains consist of short glycine/serine spacers. 
Presumptive binding sites of two monoclonal antibodies (mAb), H57 (TCR 
specific) and 1B2 (2C TCR spedfic), on the putative 2C TCR/Ig stracture are 
also noted. 

Figure 2. Map of the expression vector, which encodes soluble 



divalent heterodimeric proteins. Multi-step construction schematic is shown 
to depict Vision of a and p polypeptide subunit linked to Ig heavy and light 
chains to form the chimeric Immunoglobulin molecules. 

Figures. Schematic of K?*/IgG loading sdieme. 

Figure 4. Schematic of TCR/MHC interactions. 

Figures. Biochemical characterization of TCR, MHCVIg. Detection 
ofchimerasinbaculovirus supematantsbyELISAassays. Plates were coated 
with goat-anti-mouse Fc. For detection ofTCR/fe the secondary antibody 
was either biotinjdated H57 (Figure 5 A) or the anti 2C mAb 1B2 (Figure 5B), 
followed by streptavidin-HRP. For detecting I-E/Ig, the secondary antibody 
was biotinylated 14.4,4 (Figure 5C). 

Figure 6. A 10% SDS-PAGE gel of afiBnity purified samples of 
I-E^/Ig and 2C TCR/Ig chimeric proteins. Purified crude IgG and supernatant 
form r. ni cells infected with wild-type baculovirus are shown for 
comparison. 

Figure ?• Grq)h showing that the afiBnity of soluble divalent 2C 
TCR/Ig for peptide/H-2 L*^ complexes is higher than that of soluble 
monovalent 2C TCR. RMA S-L*^ cells were loaded with peptides (QL9, 
p2Ca, or pMCMV) and subsequently incubated with a constant amount of 
FITC-labeled 30.5.7 Fab and varying concentrations of either 2C TCR/Ig 
(solid lines) or soluble monovalent 2C TCR, sm2C TCR (dashed line). 
Binding of FITC-30.5.7 Fab was determined by flow cytometry. Results are 
plotted as the percent maximal (no 2C TCR Analog) 30.5.7 binding vs. the 
concentration of 2C TCR analog. Apparent aflSnities were determined fi-om 
a replot of l/(% maximal 30.5.7 bindmg) vs [TCR Analog] see text and 
Table n for fiirther discussion. Data shown are fi^om one representative 
experiment that has been repeated at least three times. Each data point is the 
average of duplicates. 

Figure 8. Flow cytometry analysis of cells stained with dther purified 
mAb, 30.5.7 (Figures 8A-8D), or 2C TCR/Ig culture supematants (Figures 
8E-8H). In each panel the histogram of treated cdls (solid line) is contrasted 
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with that of cells not treated with any peptide and cultured for one hour at 37 
**C (broken line). Histograms shown are from one representative experiment 
that has been repeated at least three times. 

Figure 9. Comparison of 2C TCR/Ig reactivity vs. mAb 30.5.7 
reactivity in peptide-stabilized H-2 L** molecules. RMA-S L"* cells were 
incubated under various conditions. Following overnight incubation of 
RMA-S L** cells at 27^*0, cells were cultured in the presence or absence of 
various H-2 L** binding peptides: no peptide cells maintained at 27 C; t.m." , 
p2Ca, and QL9 were added to cultures as described in Mat^ials and 
Methods, below. Figure 9A shows peptide-dependent 2C TCR/Eg reactivity. 
Figure 9B shows peptide-dependent 30.5.7 reactivity. 

Figure 10. Graph demonstrating inhibition of in vitro 2C T cell 
mediated lysis by sohible 2C TCR/Ig complexes. 

Figure 11. Fluorescence data showing that soluble divalent 2C 
TCR/Ig interacts with SIY/MHC complexes but not with dEV-8/MHC 
complexes. To ceUs transfected with either H-2 K^, H-2 K*^, or H-2 K*^^ 
were incubated overmght at 27 '^C and loaded with peptides dEV-8 (dashed 
line), SIY (solid line), or pVS V (dotted line), as described below. Cells were 
stained with purified 2C TCR/Ig (-50 jig/ml) and GAM-IgG-RPE as 
described in Methods, and analyzed by FACS. Resultant histograms are 
shown; Panel A, T2-Kb ceUs; B, T2-K^; C, T2-K**"". In tiie histograms 
presented, 2C TCR/Ig reactivity with either dEV-8 (dashed line) or pVS V 
(dotted line) was virtually identical, leadmg to diflBculty in discriminating 
between these two histograms. 

Figure 12. 2C CTL mediated lysis on various peptide/MHC targets. 
T2 ceUs transfected witii either H.2 L** (Figure 12A), H.2 (Figure 12B), 
or H-2 (Figure 12C), were chromium labeled as described and then 
loaded with peptides by incubating at 25 ^'C for 1 .5 hours in the presence of 
variable amounts of peptides: p2Ca (♦ ) and pMCMV (o ) (Figure 12A); and 
dEV-8 (a); SIY (□ ); or pVSV (o ) (Figures 12B and 12C). Peptide-loaded 
target cells were thai incubated at an eflfector to target ratio of 10: 1 and 
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specific lysis calculated as described below. Data shown are representative of 
three separate &q[>eriments. 

Figure 13. Fluoresc»ce data showing modulation of endogenous 2C 
specific peptide/H-2 L** complexes on the sur&ce of RENCA cells by y-IFN. 
RENCA cells wore cultured for 48 hours with 0 (Figures 13 A and 13E), 5 
(Figures 13B and 13F), 10 (Figures 13C and 13G), or 50 (Figures 13D and 
13H) units/ml y-IFN. As described, y-IFN is known to have a direct effect 
on class I expres&on, making H necessary to establish backgroimd binding of 
2C TCR/Ig to y-IFN treated cells. This was accomplished by incubating 
RENCA cells with saturating aniounts of the H-2 L** binding peptide, 
MCMV, which ^dently displaced the endogenous H-2 bound peptides, 
including any 2C-reactive pqptides. Cells were harvested, stained with 2C 
TCR/Ig (75 mg/ml). Figures 13 A-D, or the mAb 30.5.7 (45 mg/ml), Figures 
13E-H, as desCTibed below. Cells were subsequentiy stained with 
GAM-IgG-RPE and analyzed by FACS, Resultant histograms are shown; 
Solid lines represent histograms of cultures with no added peptide while 
dotted lines represent histograms fi*om cultures incubated with pMCMV. All 
experiments were done in duplicate and repeated at least three times. Note 
the differences in the extent of fluorescence (see the scales on the histograms) 
upon staining with 2C-TCR/[g vs. staining with 30.5.7, 

Figure 14. Comparison of the aflfinity of 2C TCRAgG to anti-L** 
antibody 30.5.7 and sm2C. RMAS-L*' cells were incubated >15 hours at 27 
^'C and subsequentiy incubated for 1,5 hour with the indicated concentration 
of peptide at 27 **C, room temperature. Cells were thCT incubated for 1.5 
hours at 37 **C. Peptide-loaded cells were then incubated with 2C TCR/Ig or 
30.5.7 (40 ng) for 1 hour, washed, and incubated with GAM/IgG-PE for 1 hr. 
Cells were then washed and analyzed by flow cytometry. Squares indicate 
peptide QL9 and circles peptide p2Ca; open symbols represent data fi-om 
30.5.7, and closed symbols, 2C TCR/IgG. 

Figure 15. A comparison of the reactivity of soluble 2C TCR/Ig to 
that of soluble monovalent 2C TCR with peptide-stabilized H-2 L** molecules. 
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RMA-S L** cells were incubated at 27 °C overnight as described. The 
following morning, peptides, QL9 (a), p2Ca (O) or MCMV (o) (final 
concentration 100 |iM) were added to cultures and cell processed as 
previously desmbed. Cells were stained with serial two-fold dilution of either 
soluble divalent 2C TCR/Ig superdimer (solid lines) or soluble monovalent 2C 
TCR (dashed lines). Cells were washed once in FACS wash buffer and then 
stained with H57-FITC. Cells were incubated for an additional hour and 
processed as described. To fadlitate comparison ofcells stained with dther 
2C TCR/Ig or soluble monovalent 2C TCR, data are presented as mean 
channel fluorescence. Data shown are firom one representative ^eriment 
that has been repeated at least three times. ^ 

Figure 16. 2C TCR/IgG has similar senativity to 2C CTL as seen in 
its binding p2Ca variants on KMAS cells. RMAS-L"" cells were incubated 
with p2Ca or p2Ca-iike peptides, as described in Figure 14. Cells were 
stained with 2C TCR/Ig and analyzed by flow cytometry. Representative 
histograms are shown in Figures ISA and 15B. Figures 16C and 16D show 
comparison of staining using either 2C TCR/Ig (Rgure 16C) or the anti-L** 
mAb 30.5.7 (Figure 16D), For comparison, data presented are shown as 
mean channel fluorescence derived from individual histograms. 

Figure 17. I-E/IgG binds 5KC cells but not DOl 1 . 11 ceUs. T 
hybridoma cells, (5KC, Panel A and DOll.lO, Panel B) were stained with 
^*^-E^Ag (10 ^ig/sample) for one hour at 4 °C. Cells were washed in wash 
buffer and incubated with GAM/IgGl-PE for another hour at 4 C. Cells were 
then washed again and analyzed by flow cytometry. Histograms of 5KC cells 
stained with dther^*^-E^/Ig (solid line) or without ai^ primary reagrat 
(dotted line) and of DOll.lO cells stained with *^-E^/Ig (dashed line) are 
shown. 

Figure 18. Immobilized ^^-B^/lgQ stimulates IL-2 production by 
^^-E^'-spedfic hybridoma, 5KC. Soluble protdns were immobilized on 
Immunlon 4 plates at various concentrations and incubated overnight at 4 ^C. 
Wells were washed thoroughly, and 5KC T cell hybridoma cells (1 x 10*) 
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were incubated overnight at 37 °C. T cell activation was measured by IL-2 
production using an TLr2 ELIS A kit 

T>KTATI.ED P FSCRTPTION OF THE INVENTION 

To enhance our ability to analyze and regulate antigen-specific 
immune responses, we have designed a general system for expression of 
soluble divalent or multivalent molecular complexes of heterodimeric protdns 
which form a ligand binding site, particularly MHC class n and TCR protdns, 
Successfiil expression of soluble molecular complexes with high avidity for 
their cognate ligands is achieved using an inununogiobulin as a molecular 
scaffolding structure. The immunoglobulin moiety serves as a scaffolding for 
proper folding of the a and P chains, without which nonfunctional aggregates 
would likely result, as previously described^^^ The physical proximify of 
the immunoglobulin heavy and light chains, whose folding and association is 
favored by a net gain in firee energy, overcomes the entropy required to bring 
the soluble TCR or MHC a and P chains together to facilitate their folding. 
Furthermore, the intrinac flexibility afforded by the immimoglobulin hinge 
region fedlitates the binding of the ligand binding rites to their cognate 
ligands. 

These structural features distinguish this design over methodologies 
which generate soluble monovalent complexes, in that they enable a 
multimeric interaction o^ for example, at least two peptide/MHC complexes 
with at least two TCR molecules. This interaction has greater avidity than the 
interaction of TCR monomers with a peptide/MHC complex. Molecular 
complexes of the inv«ition have the fiirther advantage that, by altering the Fc 
portion of the immvmoglobulin, different biological functions can be provided 
to the molecule based on biological fimctions afforded by the Fc portion. 

In addition, soluble TCR/Ig molecular co^^)lexes of the invention can 
be used to define spedfic ligands recognized by T cells. These complexes 
have potential uses in defining ligands ofy/b TCR or of undefined tumor- 
spedfic T cells. Furthermore, since T cell activation requires cross linking of 
multiple TCRs, interaction of TCR-Ig molecular complexes can mimic natural 
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T ceU activation, fecUitating both induction and enhancement of immune 
responses and elucidation of biochemical interactions involved in TCR 
recognition of peptide/MHC complexes. 

Molecular complexes of the invention have broader appUcations tiian 
regulation of immune system responses. For example, adhesion of ceUs 
mediated tiirough the interactions of integrins can be modulated using soluble 
divalent molecular complexes comprising integrin molecules. Modulation of 
cytokine-mediated ceU stimulation can also be achieved, employing soluble 
divalent molecular complexes comprising a cytokine receptor. Binding of tiie 
Ugand binding site of the cytokine receptor to a soluble cytokine, for example, 
can inhibit tiie ability of the cytoldne to mediate<«llular proliferation. 

Molecular complexes of the invention comprise an immunoglobulin 
scaffold and at least two Ugand binding sites. The Ugand binding sites are 
formed by the extraceUular domains oftwo transmembrane polypeptides. The 

transmembrane polypeptides can be any transmembrane polypeptides which 
form a heterodimeric protein and which can bind a Ugand, preferably an 
antigenic peptide. Suitable heterodimeric proteins which can provide 
transmembrane polypeptides for use in molecular complexes of the invention 
include MHC class H molecules. T ceU receptors, including o/p and y/6 T ceU 
receptors, integrin molecules, and cytokine receptors, such as receptors for 
IL-2, IL-3, TLA, II^5..IL-6, IL-7. IL-9, erythropoietin, leukemia inhibitory 
factor, granulocyte colony stimulating factor, oncostatin M, dUary 
neuroti-ophic fector, growtii hormone, and prolactin. 

Molecular complexes of the invention comprise at least four fosion 
proteins. Two fiision proteins comprise an immunoglobuUn heavy chain, 
including a variable region, and an extraceUular domain of a first 
transmembrane polypeptide, such as an MHC class np chain or a TCR o 
chain. Two fusion proteins of tiie molecular complex comprise an 
immunoglobuUn k or X Ught chain and an extraceUular domain of a second 
transmembrane polypeptide, such as an MHC class Ha chain or a TCR P 
chain. The fusion proteins associate to form tiie molecular complex. The 
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aflfinity of the molecular complex for a cognate ligand is increased at least 
two-fold over a dimeric molecular complex consisting of a first and a second 
fiision protein. Preferably, the aflfinity is increased at least 5-, 10-, 20-, 25-, 
30-, 35-, 40-, 50-, 75-, or 100-fold. 

The immunoglobulin heavy chain can be the heavy chain of an IgM, 
IgD, IgG3, IgGl, IgG2p, IgG2a, IgE, or IgA. Preferably, an IgGl heavy 
chain is used to form divalent molecular complexes comprising two ligand 
binding sites. A variable i^on of the heavy chain is induded: "IgM or IgA 
heavy chains can be used to provide pentavalent or tetravalent molecular 
complexes, respectively. Molecular con^lexes with oihet valencies can also 
be constructed, using multiple immunogjobulin chains. 

Fusion proteins wMch form molecular complexes of the invention can 
comprise a peptide linker inserted between a variable re^on of an 
immunoglobulin chain and an extracellular domain of a transmembrane 
polypeptide. The length of the linker sequence can vary, depending upon the 
flexibility required to regulate the degree of antigen binding and cross-linking. 
Constructs can also be designed such that the extracellular domains of 
transmembrane polypeptides are directiy and covalentiy attached to the 
immunoglobulin molecules without an additional linker re^on. If a linker 
region is included, this region will preferably contain at least 3 and not more 
than 30 amino acids. More preferably, the linker is about 5 and not more than 
20 amino acids; most prefo-ably, the linker is less than 10 amino acids. 
Generally, the linker consists of short gjydne/serine spaces, but any amino 
add can be used. A preferred linker for connecting an immunoglobtilin heavy 
chain to an extracellular portion of a first transmembrane protein is GLY- 
GLY-GLY-THR-SER-GLY (SEQ ID NO: 10). A preferred linker for 
cormecting an inmiunoglobulin light chain to an extracellular portion of a 
second transmembrane protein is GLY-SER-LEU-GLY-CH.Y-SER (SEQ ID 
NO: 11). 

Methods of making fiision protdns, either recombinantiy or by 
covalentiy linking two protdn segments, are well known. Preferably, fiision 
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proteins are expressed recombinantly, as products of expression constructs. 
Expression constructs of the invention comprise a polynucleotide which 
encodes one r more fusion proteins in which an inununoglobulin chain is C- 
teraiinal to an extracellular domdn of a transmembrane polypeptide. 
Polynucleotides in expression constructs of the invention can comprise 
nucleotide sequences coding for a signal sequence; e5q)ression of these 
constructs results in secretion of a ftision protein comprising the extraceUular 
domain of the transmembrane polypeptide spUced to the intact variable region 
of tiie immunoglobulin molecule. Variations or truncations of tiiis general 
Structure in which one or more amino adds are inserted or deleted but which 
retain the ability to bind to the target ligand are_encompassed in the present 
invention. 

In a preferred embo^ent, an expression construct comprises a 
baculovirus repUcation system, most preferably the baculovirus expression 
vector pAcUWS 1 (Pharmingen, California). This vector has two sqiarate 
viral promoters, polyhedron and PIO, aUowing expresaon of botii fiision 
proteins of a molecular complex in tiie same host cell To faciUtate doning of 
different genes into the vector, multiple cloning sites can be introduced after 
each of the promoters. Optionally, expression constructs which eadi encode 
one fiision protein component of tiie molecular complex can be constructed. 

Expression constructs of the invention can be introduced into host 
cells using any technique known in the art. These techniques include 
transferrin-polycation-mediated DNA transfer, transfection witii naked or 
encapsulated nuddc adds, liposome-mediated cellular fiision, inti-aoellular 
transportation of DNA-coated latex beads, protoplast fiision, viral infection, 
electroporation, and caldum phosphate-me<Uated transfection. 

Host cells comprising expression constructs of the invention can be 
prokaryotic or eukaryotic. Bacterial systems for expressing fiision proteins of 
tiie invention include tiiose described in Chang et aL, Nature (1978) 275: 615. 
Goeddd etaL, Nature (1979) 281: 544, Goeddd etal.. Nucleic Adds Res. 
(1980) 8: 4057, EP 36,776, U.S. 4,551,433, deBoer et at.. Proc. NatL Acad. 
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Sci. USA (1983) 80: 21-25, and SiebenUst etal. Cell (1980) 20: 269. 

Expression systems in yeast include those desoibed in Hinnen et al., 
Proc. Natl. Acad. Sci. USA (1978) 75: 1929; Ito etoL, J. Bacterial. (1983) 
755: 163; Kurtz etal., Mol. Cell. Biol (1986) 6: 142; Kunze etal., J. Basic 
Microbiol. (1985) 25: 141; deesone/a/., J. Gen. Microbiol. (1986) 132: 
3459, Roggenkamp etai, Mol. Gen. Genet (1986) 202 :302) Das er al, J. 
Bacterial (1984) 75«: 1165; De Louvencourt etoL, J. Bacterial (1983) 154: 
737, Van den Berg etal., Bio/Technology (1990) *: 135; Kunze et al. J. 
Basic Microbiol (1985) 25: 141; Cregg etal, Mol Cell Biol (1985) 5: 
3376, U.S. 4,837,148, US 4,929,555; Beach and Nurse, Nature (1981) 300: 
706; Davidow aA, Curr. Genet. (1985) 70: 380, Gaillardin et al. Curr. 
Genet. (1985) 10: 49, Ballance et al., Biochem. Biophys. Res. Commun. 
(1983) 772: 284-289; TUbum et al. Gene (1983) 26: 205-221, Yelton et al. 
Proc. Natl Acad. Sci. USA (1984) 81: 1470-1474. KeUy and Hynes, EMBO 
J. (1985) 4: 475479; EP 244,234, and WO 91/00357. 

Expression of fiision proteins of the invention in insects can be carried 
out as described in U.S. 4,745,05 1, Friesen et al (1986) "The Regulation of 
Baculovirus Gene Expression" in: The Molecular Biology of 
Baculoviruses (W. Doerfler, ed.), EP 127,839, EP 155,476, and Vlak et 
al. J. Gen. Virol (1988) 69: 765-776, Miller etal. Ann. Rev. Microbiol 
(1988) 42: 177, Caibonell et al., Gene (1988) 73: 409, Maeda et al. Nature _ 
(1985) 375: 592-594, Lebacq-Verheyden a/.. Mo/. Cell Biol (1988) 8: 
3 129; Smith et al. Proc. Natl Acad Sci. USA (1985) 82: 8404, Miyajima et 
al. Gene (1987) 58: 273; and Martin e/ a/., DNA (1988) 7;99. Numerous 
baculovirai strains and variants and corresponding permissive insect host cells 
from hosts are described in Luckow et al, Bio/Technology (1988) 6: 47-55, 
Nfiller etal., in GENETIC ENGiN^aNG (Setlow, JJL etal. eds.). Vol. 8 
(Plenum Publishing, 1986), pp. 277-279, and Maeda a/.. Nature. (1985) 
575: 592-594. A preferred method of «q)ressing fiision proteins of the 
invention is described in Materials and Methods and in Example 1, below. 

Expression of fiision proteins f the invoidon in mammalian cells can 
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be achieved as described in Dijkema etcd., EMBOJ. (1985) 4: 761, Gorman 
etal, Proc, Natl Acad Set USA (1982b) 79: 6777, Boshart etal,. Cell 
(1985) 41: 521 and U.S. 4,399,216. Other features of mammalian expression 
can be facilitated as described in Ham and Wallace, Meth Em. (1979) 58: 44, 
Barnes and Sato, AnaL Biochem. (1980) 102: 255, U.S. 4,767,704, US 
4,657,866, US 4,927,762, US 4,560,655, WO 90/103430, WO 87/00195, and 
U.S. RE 30,985. 

Ligand binding sites of molecular complexes can contain a boimd 
ligand, preferably an antigenic peptide. Ligands can be passively bound to the 
ligand binding site, as described in Materials and Methods, below. Active 
binding can also be accomplished, for example, using alkaline stripping, r^iid 
neutralization, and slow refolding of the molecular complex (see Figure 3 for 
a schematic). Ligands can also be covalently bound to the ligand binding site. 
Any peptide capable of inducing an immune response can be bound to the 
ligand binding site, induding peptides which cause allergic or autoimmune 
responses, alloantigens, peptides which are e>q>ressed by tumors, and peptides 
of infectious agents, such as bacteria, viruses, orfiingi. Identical antigenic 
peptides can be bound to each ligand binding site of a molecular complex. 

Molecular complexes of the invention can be used diagnostically, to 
label antigen-specific cells in vitro or in vivo. A sample comprising antigen- 
specific T cells can be contacted with a molecular complex in \^diich each 
ligand binding site is bound to an identical antigenic peptide. The sample can 
be, for example, peripheral blood, lymphatic fluid, lymph nodes, spleen, 
thymus, bone marrow, or cerebrospinal fluid. 

The antigenic peptide spedfically binds to the antigen-specific T cells 
and labels them with the antigenic peptide-loaded complex. Antigenic 
peptide/MHC complexes can be, but need not be, conjugated to a reporter 
group, such as a radiolabel or fluorescent label, to fecilitate detection. The 
molecular complex can be in solution or can be affixed to a solid substrate, 
such as a glass or plastic slide or tissue culture plate or latex, 
polyvinylchloride, or polystyrene beads. 
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Antig»-specific T ceBs \duch are bound to the antigenic peptides can 
be separated from cells which are not bound. Any method known in the art 
can be used to ac^eve this separation, including plasmapheresis, flow 
cytometry, or differential centrifiigation. Antigen-specific T cells which have 
been isolated from a patient can be treated with a reagent, such as a cytokine, 
a chemotherapeutic agent, or an antibody, and reinfused into the patient to 
provide a then^eutic effect. Optionally, the number of antigen-specific T 
cells whiclraDre bound to the antigenic peptides can be quantitated or coimted, 
for example by flow cytometry. 

Moleoilar complexes m which TCR polypeptides form ligand binding 
sites can also be used to label specific peptide/MHC compleKe^m vitro and-?/j— 
vivo, Adistinct advantage of soluble high aflBnityTCR/Ig molecular 
complexes is that even in the absence of any a priori knowledge about their 
ligands, they can be usefiil in defining spedfic peptide/MHC ligands 
recognized, for example, by uncharacterized tumor-spedfic T cells or T cells 
involved in autoimmune responses. Not only are soluble divalent TCR/Ig 
molecules eflBdent probes for the qualitative and quantitative detection of 
specific peptide/MHC complexes, but due to their strong aflanity for the 
target peptide, these molecular complexes can be used to purify and 
characterize specific peptide/MHC complexes. 

The MHC molecules in peptide/MHC complexes can be MHC class I , 
or class n molecules, or a non-classical MHC-like molecule. A peptide of a 
peptide/MHC complex can be, for example, a peptide \^^ch is expressed by a 
tumor, a peptide of an infectious agent, an autoimmune antigen, an antigen 
which stimulates an allelic response, or a transplant antigen or alloantigen. 

A sample, such as a p^pheral blood, lymphatic fluid, or a tumor 
sample, which comprises a pq)tide/MHC complex can be contacted with a 
composition comprising a molecular complex. The molecular complex 
comprises at least four fiision proteins. Two first fiision proteins comprise an 
immunoglobulin heavy chain and an extracellular domain of a TCR a chain. 
Two second fiision proteins comprise an immunoglobulin light chain and an 
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extracellular domain of a TCR P chain. The fiision proteins associate to form 
a molecular complex. The molecular complex con^rises two ligand binding 
sites. Each ligand binding site is formed by the extracellular domains of the 
TCR a and TCR P chains. The ligand binding site spedfically binds to and 
labels the pq)tide/MHC complex and can be detected as described above. 

Molecular complexes of the invention can also be used to activate or 
inhibit antigen-specific T cells. It is possible to conjugate toxin molecules, 
such as ridn or Pseudomonas toxin, to molecular complexes of the invention. 
Similarly, molecular conq)lexes can be conjugated to molecules which 
stimulate an immune response, such as lymphokines or other effector 
molecules. Doses of the molecular complex ca n be m odified tadther activate 
or inhibit antigen-specific T cells. 

A sample which comprises antigen-spedfic T cells can be contacted, 
in vivo or in vitro, with molecular complexes in which each ligand binding site 
is bound to an antigenic peptide. The antigenic peptide spedfically binds to 
and activates or inhibits the antigen-spedfic T cells. For example, cytokine 
activation or inhibition can be stimulated or suppressed in specific T-cell 
subsets. Hewitt et a/., J. Exp. Med. 175: 1493 (1992); Choi et al. Proc. Natl 
Acad Sci, 86:8941 (1989); Kappler et al.. Science 244:81 1 (1989); Minasi et 
al, J. Ejq}. Med. Ill: 145 1 (1993); Sundstedt et al.. Immunology 82: 1 17 
(1994); and White et al. Cell 56:27 (1989). 

Molecular complexes of the invention can be used therapeutically, to 
inhibit or stimulate immune responses. For example, molecular complexes 
comprising antigenic peptides to which a patient has an allergic response can 
be administered to the patient in order to treat an allergy. The molecular 
complexes are administCTed to the patient at a dose sufBdent to suppress or 
reduce a T cell response assodated with the allergy. 

Similarly, a patient who has received or will receive an organ 
transplant can be treated with molecular complexes of the invention. 
Molecular complexes in which each ligand binding site is bound to an 
alloantigra can be administered to a patient at a dose sufiQdent to suppress or 
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reduce an immune response to the organ transplant. Alloantigens include the 
HLA antigens, including class I and class n MHC molecules, and minor 
histocompatibility antigens such as the ABO blood group antigens, 
autoantigens on T and B cells, and monocyte/endothelial cell antigens. 

Autoimmune diseases, such as Goodpasture's syndrome, multiple 
sclerosis. Graves' disease, myasthraia gravis, syst^nic lupus erythematosus, 
insulin-dependent diabetes melitis, rfa^miatoid arthritis, pemphigus vulgaris, 
Addison's disease, dermatitis herpetiformis, celiac disease, and Hashimoto's ^ 
thyroiditis, can be similariy treated. A patient who suffers from an 
autoimmune disease can be treated with molecular complexes of the invention 
in which each ligand binding site is bound to an antig^c pq)tide to which the 
patient expresses an autoimmune response. The molecular complexes are 
administered to the patient at a dose sufficient to suppress or reduce the 
autoimmune response. 

Immime responses of a patient can also be induced or enhanced using 
molecular complexes of the invention. Molecular complexes in which each 
ligand binding site is bound to a peptide expressed by a tumor can be used to 
treat the tumor. The peptide can be a tumor-spedfic peptide, such as 
EGFRvin, Ras, or pl85™^, or can be a peptide which is expressed both by 
the tumor and by the corresponding normal tissue. Similariy, molecular 
complexes in which each ligand binding site is boimd to a peptide of an 
infectious agent, such as a protein component of a bacterium or virus, can be 
used to treat infections. In each case, the ^propriate molecular complexes 
are administered to the patient at a dose sufficient to induce or enhance an 
immune response to the tumor or the infection. 

Molecular complexes of the invention can be boimd to the surface of a 
cell, sudi as a dendritic cell. A population of molecular complexes in which 
all ligand binding sites are bound to identical antigenic peptides can also be 
bound to the cell. Binding can be accomplished by providing the fiision 
protdn of the molecular complex with an amino add sequence which will 
anchor it to the cdl membrane and expressing the fusion protdn in the cell or 



22 



can be accomplished diemically, as is known in the art. 

Compositions comprising molecular con4)lexes of the invention can 
comprise a pharmac^tically acceptable carrier. Pharmaceutically acceptable 
carriers are well known to those in the art. Sudi carriers include, but are not 
limited to, large, slowly metabolized macromolecules, such as proteins, 
polysaccharides, pol^actic adds, polyglycolic adds, polymeric amino adds, 
amino add copolymers, and inactive virus particles. Pharmaceutically 
acceptable salts can also be used in compositions of the invention,- for 
example, mineral salts such as hydrochlorides, hydrobromides, phosphates, or 
sulfates, as well as salts of organic adds such as acetates, proprionates, 
malonates, or benzoate&r--Compositions ef the invention can also contain 
liquids, such as water, saline, glycerol, and ethanol, as well as substances such 
as wetting agents, emulsifying agents, or pH bu£fering agents. Liposomes, 
such as those described in U.S. 5,422,120, WO 95/13796, WO 91/14445, or 
EP 524,968 Bl, can also be used as a carrier for a composition of the 
invention. 

The particular dosages of divalent and multivalent molecular 
complexes employed for a particular method of treatment will vary according 
to the condition being treated, the binding affinity of the particular reagent for 
its target, the extent of disease progression, etc. However, the dosage of 
molecular complexes will generally fall in the range of 1 pg/kg to 100 mg/kg 
of body weight per day. Where the active ingredient of the pharmaceutical 
composition is a polynucleotide encoding fiision proteins of a molecular 
complex, dosage will generally range from 1 nM to 50 jiM per kg of body 
weight. 

The amounts of each active agent included in the compositions 
employed in the examples described herein provide general guidance of the 
range of each component to be utilized by the practitioner upon optimi^g 
the method of the present invention for practice either in vitro or in vivo. 
Moreover, such ranges by no means preclude use of a high^ r lower amoimt 
of a component, as might be warranted in a particular application. For 
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example, the actual dose and schedule may vaiy depending on whether the 
compositions are administered in combination witii otiier pharmaceutical 
compositions, or depending on individual differences in pharmacokinetics, 
drug disposition, and metabolism. SimUaxiy, amounts may vary for in vitro 
appUcations depending on tiie particular cell line utilized. e.g., tiie abiUty of 
tiie plasmid employed to repUcate in tiiat ceU line. For example, tiie amount 
of nucleic add to be added per ceU or treatinent will likdy vary witii tiie 
lengtii and stabiUty of tiie nuddc add. as wdl as tiie lature of tiie sequence, 
and may be altered due to fectors not inherent to tiie metiiod of tiie present 
invention, e.g., iht cost assodatcd with synthesis, for instance. One skitted in 
tiie art can eaaty^make any necessary adjustinents in accordance witii tiie 
necessities of the particular atuation. 

A suffident dose of tiie composition for a particular use is tiiat which 
wiU produce tiie desired effect in a host. This effect can be monitored using 
several end-points known to tiiose skilled in tiie art. For example, one desired 
effect might comprise effective nucldc add transfer to a host ceU. Sudi 
transfer could be monitored in terms of a tiierapeutic effect, e.g., alleviation of 
some symptom assodated witii tiie disease being treated,-or fiirtiier evidence 
of tiie transferred gene or expression of tiie gene witirin tiie host, e.g, using 
PCR, Nortiiem or Soutiiem hybridization techniques, or transcription assays 
to det^ the nucleic add in host ceUs, or using immunoblot analysis, 
antibody-mediated detection, or the assays described in tiie examples below, 
to detect protdn or polypeptide encoded by tiie transferred nucleic add, or 
impacted level or fimction due to such transfer. 

The following are provided for exemplification purposes only and are not 
intended to limit tiie scope of tiie invention described in broad terms above. 

MATFF^^Tff MFTHODS 

The fottowing materials and metiiods are used in tiie examples 

described below. 

Cells and Culture Conditions. RMA-S, RMA-S L^ T2, T2 K\ T2 
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Kbm3, T2 K*~", and RENCA ceUs were maintained by 1 : 10 passage three 
times weekly in RPMI-1640, supplemented with 2 mM glutamine, 
nonessential amino acids, SO (ig/ml of gentamidn, S x 10'^ M 
2-mercq)toethanol, and 10% fetal calf serum. 

T2, T2 L**, and T cell hybridomas 5KC and DOl 1. 10 were maintained 
by 1 :20 passage three times weekly in RPMI-1640 supplemented with 2 mM 
glutamine, nonessential amino adds, SO A^g/ml of gentamicin, S x 10*^ M 
2-mercaptoethanol, and 10% fetal calf serum. Transfected T2 L"" cells were 
grown in G418 (1 mg/ml, GffiCO), 

Construction of the Soluble Divalent Molecules. The genes eicoding 
the chimeric 2C TGR/Ig-molecule were constructed by insertion of cDNA 
encoding the extracellular domains of the TCR a and P chains upstream of 
cDNA encoding the murine IgGl heavy, 93G7, and light cham, 91A3, 
respectively (Figure 1 A) (20). A Hindm restriction enzyme site and linker 
were inserted immediately 5' of the codon for Asp at the start of the mature 
kappa protein in clone 91 A3. A Kpnl restriction enzyme site was introduced 
3' of the stop codon in the kappa polypeptide. A Kpnl restriction site and 
linker were inserted immediately 5* of the codon for Glu located at the start of 
the mature IgYi polypeptide in clone 93G7. An SphI restriction site was 
introduced 3' to the stop codon in the Yi polypeptide. 

The genes encoding the 2C-TCR a and P chains have previously been 
described (5). A Kpnl restriction site and linker were inserted immediately 3' 
to the codon for the Gin residue at the interface between the extraceOular and 
transmembrane domains of the 2C-TCR a polypeptide. The 5* regions of the 
gene already expressed an ^propriate restriction enzyme endonuclease site, 
EcoRl . An Xho 1 site was introduced 5* to the start of the signal sequence in 
the 2C-TCR 3 chain, and a Hindin restriction enzyme endonuclease ate was 
introduced immediately 3* to the codon for the lie residue at the 'mtes&ce 
between the extracellular and transmembrane domains of the P polypq)tide. 
In the construction of the chimeric proteins, linkers of six amino add residues 
were introduced at the junctions between the end of the TCR a and p and the 
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mature gamma and kappa polypeptides, respectively (Figure IB). 

A similar approach was used to modify the genes encoding the I-E a 
and P chains. A Kpnl restriction site and linker was inserted immediately 3* to 
the inter&ce between the extracellular and transmmibrane domains of the I-E 
P polypeptide. The 5' regions of the gene had already been modified to 
encode the MCC peptide (21) and also already expressed an EcoRI site. The 
I-E a chain was modified by introduction of a Hindm restriction ^izyme 
endonuclease site immediately 3' to the codon at the inter&ce between the 
extracellular and transmembrane domains. 

A baculovinis expression vector was used, as described previously 
(21). -This vector has two separate viral promoters, polyhedron and PIO, ^ i-^ ^ 
allowing simultaneous expression of both chimeric polypeptide chains in the 
same cell (Figure 1 A). The expression vector was digested with Xhol and 
Kpnl and 2C TCRp/Ife was inserted downstream of the PIO promoter 
(Figure 1 A). Subsequently, the 2C TCR^gyl was inserted into an 
EcoRI/SphI site downstream of the polyhedron promoter. 

Mutagenesis. For mutagenesis, cDNA molecules encoding the 
individual polypeptides were subcloned into pSP72 and pSP73 vectors 
(Promega, Madison, WI). Oligonucleotide-directed mutagenesis was 
performed using the Chameleon kit (Stratagene, La Jolla, CA), All mutations 
were confirmed by sequencing. 

The following oligonucleotides were used to introduce the above 
mutations: 
5' IgGl mutation, 

ctgtcagtaactgcaggtgtccactctggtac^^cggtgaggttcagcttcagcagtctggagc (SEQ 

IDNO:l); 

3* IgGl mutation, 

agcctctcccactctcctggtaaatgagcatgctctcagtgtccttggagccctctggtc (SEQ ID 
NO:2); 

5* Igk mutation, 

ctgttgctctgttttcaaggtaccaggtgtg gaagcttgg gaggatctgatatccagatgacgcaaa 

26 



tccatcc (SEQ ID NO:3); 
3' Igk mutation, 

gtcaagagcttcaacaggaatgagtgttagggtaccagacaaaggtcctgagacgccacca 

(SEQIDNO:4); 

3' 2C TCR a mutation, 

cagatatgaacctaa actttcaaggaggaggta££tgtcagttatgggactccgaatc (SEQ ID 
NO:5); 

S' 2C TCR p mutation, ccaaagagaccagtatcctga^tcg&ggaagcatgtctaacactgcc^ 

(SEQIDNO:6); 

3' 2C TCRb mutation, 

ctgcaaccatcctctatgagatcggaagCttaggatctggtacctactggggaaggCG . ^ 

accctatatgc (SEQ ID NO:7); 
3'IE^ 

ggtagcgaccggcgctcagctggaattcaagCttecattctctttagtttctgggaggagggt-3' (SEQ 

IDNO:8); 

lE^ 

gcacagtccacatctgcacagaacaa gg ga g ga ggtaccg gggatccggttattagtacatt^ 
(SEQIDN0:9). 

Detection and biochemical analysis of chimeras. The conformational 
integrity of the chimeric molecules was detected by ELISA assays using 
antibodies specific for each moiety of the protein. The primary antibody used 
was specific for murine IgGl Fc. The secondary antibody used was either a 
biotinjdated: H57 (used at 1:5,000 final dilution), a hamster monoclonal 
antibody (mAb) specific for a conformational epitope expressed on the P 
chain of murine TCR (22) or 1B2 (23, 24), a murine mAb spedfic for a 
clonotypic epitope expressed on 2C TCR I-E^/Ig was assayed using 
biotinylated 14.4.4, an anti I-E^^ chain specific mAb, as the secondary 
antibody. 

Wells were incubated with the primary antibody, 10 mg/ml, for 1 hour 
at RT, and then blocked with a 2% BS A solution prior to use. After three 
washes with PBS contaimng 0.05% Tween 20 and 1% FCS, culture 
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supematants (100 fil) from infected baculovirus cells were incubated for 1 
hour at RT. Plates were then washed extensivdy and incubated with the 
biotinylated second antibody. When using biotin^ated second antibody 1B2, 
wells were incubated with 100 |il 10% mouse serum for an additional hour, 
after washing out unbound culture supematants to reduce background 
reactivity. 

After an hour incubation with the biotii^ated antibody, the plates 
were washed and incubated with HRP-conjugated strepavidin (100 ml of a 
1:10000 dilution) for one hour, washed and developed with 
3,3',5,5'-tetrameth5dbenridine dihydrochloride (TMB) substrate for 3-5 
minutes. The reaction was stopped by the addition of IM H2SO4 and optical- - 
density was measured at 450 nm. The assay was linear over the range of 1-50 
ng/ml of purified IgG. I-E^/Ig was assayed similarily with 14.4.4 as the 
primary antibody and goat-anti-mouse-lambda conjugated to horse radish 
peroxidase as the secondary antibody. 

Purification of Chimeras, For protein production, Trichoplusia ni 
cells were infected with virus, MOI 5-10, and supematants were harvested 
after 72 hours of infection. Tlie chimeric protdn was purified from one liter 
culture supematants passed over a 2.5 ml afiOnity column of protein G 
sepharose. The chimeric protein was eluted with 0, 1 M glycine/ 0. 15 M 
NaCl, pH 2.4. The eluate was immediately neutralized with 2 M Tris pH 8 , 
(0. 1 M final concentration). Fractions were pooled, concentrated in an 
Amicon concentrator (50 kd molecular weight cutoflf), and washed with PBS. 

SDS-PAGE analysis of the chimeric protdn was preformed as 
described (25). Samples were electrophoresed through a 10% 
SDS-polyacrylamide gel. 

Peptide Loading of Cells. RMA-S and T2 cell lines are defective in 
antigen processing and express fiinctiohally "empt/' class I MHC on their cell 
surface. These "empty" MHC molecules can l)e loaded with peptides using 
the foUowing protocol (25). CeUs (RMA-S, RMA-S T2, T2L\T2Kb, 
T2Kbm3 or T2 K*"") are cultured at 27 **C overnight. The following 
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morning, cells are cultured in the presence of various antigenic peptides (100 
fzM final concentration) or in the absence of peptides for an additional 1.5 
hours at 27 *C and then incubated for one hour at 37 *C. RENC A cells were 
loaded with peptides by incubation with peptides (100 final 
concentration) for >2 hour at 37 X. Cells were then harvested and processed 
for FACS analysis as described. 

All peptides were made by the Johns Hopkins University biopolymer 
laboratory peptide synthesis fiidlity. Peptides were made by F-MOC chemical 
synthesis and then purified by preparative HPLC. 

Measurement of affinities of soluble 2C TCR for H»2 moleoules. 
AflSnities of soluble 2C TCR analogs for peptide^loaded cells were determined 
in a competition assay with FITC-30.5.7 Fab similar to one previously 
described. Schlueter et al,^ Journal of Molecular Biology 256: 859-869 
(1996). 30.5.7 is a monoclonal antibody that recognizes an epitope near the 
peptide-exposed fece of H-2 L*^; thus 30.5,7 and 2C TCR compete for 
binding to the peptide exposed face of H-2 L*^. of 30.5.7 Fab for 
peptide-loaded RMA-S cells were determined as follows. Cells (0.3 x 
lOV ml) were loaded with peptide as described above. Subsequently, 
peptide-loaded or control cells were incubated with varying concentrations of 
FITC-30.5.7 Fab for 1 hr. at 4X, and then diluted 1:6 with FACS wash 
buffer (PBS, 1% FCS, .02% NaNj) immediately prior to analysis by flow 
cytometry. were estimated fi-om a plot of l/(mean channel fluorescence) 
vs. l/[FITC-30.5.7Fab]. 

AflSnities of 2C TCR analogs were determined by competition with 
constant concentrations of FITC-30;5.7 Fab. Cells were loaded with peptide, 
and subsequently incubated \^ath a constant concentration of FrrC-30.5.7 
Fab and varying concentration of 2C TCR analogs for 1 hour at 4°C. Cells 
were diluted 1 :6 with FACS wash buflfer immediately prior to analysis by 
flow cytometry. Maximal inhibition of FITC-30.5.7 Fab binding was 
determined by incubation in the presence of 30.5.7 mAb (75mg). K^was 
determined firom a plot of l/(% maximal inhibition) vs. [2C TCR analog]. 
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was corrected for the aflBnity of FITC-30.5.7 Fab for peptide loaded cells 
according to the equation K^TCR=K^(l-K[FrrC 30.5.7 Fab]/K^30.5.7)) 
Schlueter et al.^ supra. 

Direct Flow Microfluorimetry. Approximately 1 xlO^ peptide-loaded 
or control cdls were incubated for 60 minutes at 4**C with either 100 nl of 
mAb 30.5.7 culture supematants, or 50 ^l of TCR/Ig culture supematants, 10 
)Lzg/ml final concentration. Cells were washed twice in PBS and then 
incubated for an additional 60 minutes at 4 **C in 50 /4 of 1 :40 dilution of 
fluorescent phycoerythrin-labelled-FCab^ goat anti-mouse IgG (C^pel 
Laboratories). CeUs were then washed two additional times with FACS wash 
buffer prior to analysis by flow- cytometry. . - - _ 

To compare level of fluorescence of cells stained with either the 
soluble divalent 2C TCR/Ig or the soluble monovalent 2C TCR, RMA-S 
cells were incubated with peptides, as described above. Cells were incubated 
for one hour with serial two-fold dilution of either sohxble 2C TCR/Ig or 
soluble monovalent 2C TCR, washed once in FACS wash buffer, and then 
stained \wth saturating amounts of H57-FITC for an hour, washed twice in 
FACS wash buffer, and analyzed by flow cytometry. 

For staining of MCC specific hybridoma ceUs, ^^^^/Ig (5 jig/well) 
was incubated with cells for 1 hour at 4''C, washed and followed by goat anti- 
mouse IgGi conjugated to RPE for an additional hoxir. Hybridoma cells were 
then washed twice. Cells were analyzed by flow cytometry. 

T cell stimulation assay. Various concentrations of soluble **^^^Vg 
or the murine anti-CD3 monoclonal antibody, 2C22, were immobilized on 
sterile Immunlon 4 plates (Dynatech) overnight at 4 **C. Following two 
washes, eith^ the MCC-specific 5KC cells or the control ovalbumin specific- 
DO 11.10 cdls ( 1 X lOVwell) were added in 250 /zl of culture medium and 
incubated overnight at 37®C. IL-2 was measured using an ELISA assay. 

CTL Assess. Splenocytes fi"om 2C TCR transgenic mice (Sha et al 
Nature 336:73-76, 1988) were resuspended at 1.25 X 10^ per ml and 
stimulated with 1 .75 x 10^ B ALB/c splenocytes that had been exposed to 
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3,000 cGy radiation. On day 7, the 2C T cell-enriched cultures ware 
restimulated at 5 x 10* per ml with 2.5 x 10* per ml BALB/c splenocytes. 
Experiments were performed on this and subsequent stimulationUs on day 4. 
All subsequent stimulation was performed with 3.75 x 10* per ml 2C 
splenocytes and 2.5 xlO* per ml BALB/c cells in the presence of IL-2 (5 
imits/ml). 

Assays were paformed in triplicate according to established CTL 
protocols. Briefly, target cells (2-4 x 10*) were incubated with 100 5€i 
*^[Cr] at 3TC for Ih, After three washes, cells were added to V-bottom 96 
weU plates (3 x 10^/100 and incubated (25 X for 1.5 hour) with peptides 
at the indicated concentrations. 2C T cells (3 x lOVlOO were added to 
targets and plates were incubated at 37^*0 for 4.5 hour. Maximum release 
was achieved by incubating targets with 5% Triton X 100. PercOTt spedfic 
lysis was calculated from raw data using [(experimental release - spontaneous 
release )/(maximum rdease - spontaneous release)] x 100. 

EXAMPLE 1 

This example demonstrates general construction and biochonical 
characterization of chimeric molecules. 

Characteristics of a general system for the expression of soluble 
divalent analogs of heterodimeric protdns include rdative simplidty, broad 
applicability, and maintenance of molecular stability of the soluble analog. To 
accomplish this, IgG was chosen as a general molecular scaflTold because it is 
divalent by nature and can be simply modified to serve as a scafifold (16, 26- 
28). Of further advantage is the fact that the IgG scaffold fadlitates subunit 
pairing, folding, secretion, and stability of the covalratly linked heterodimeric 
polypeptides. 

Using immunoglobulin as a backbone, a general system has been 
designed for expression of soluble recombinant multivalent analogs of 
heterodimeric transmraibrane proteins (Figures IB-ID and Figure 2). As 
shown in Figure 2, site-directed mutagenesis was used to insert restriction 
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enzyme sites, such as Kpnl and Hind HI, into the S' region of the Ig heavy and 
light chains, respectively. The enzyme sites were introduced immediately 
after the leader sequence prior to the start of the mature protein encoding the 
intact variable domains. This strat^y leads to a generic system for 
expression of chimeric polypeptides and serves as a foundation molecule for 
construction of soluble divalent analogs of two different classes of 
heterodimeric proteins. The differmt classes of heterodimeric transmembrane 
proteins, which contain a and P polymorphic integral membrane polypq)tides 
that bind each other forming a fimctional imit involved in immune recognition, 
include, but are not limited to, protdns such as T cell receptors, and class n 
MHC molecul§s»^integrins, and cytokine receptors. 

' A multi-step construction was used to genetically fiise a and p 
polypeptides to immunoglobulin heavy and light chains to form the chimeric 
IgG molecules. In one embodimrat, chimeric fusion partners consisted of 
cDNA encoding a murine IgGl arsenate-spedfic heavy chain, 93 G7, and k 
light chain, 91A3 (Haseman et al Proc Natl Acad Sci USA 87:3942-3946 
(1990). Both of these inmiunoglobulin polypeptides have been expressed and 
produce intact soluble intact IgGl molecules in baculovirus infected cells. 
cDNA encoding the light chain done 91 A3 was modified by introduction of S' 
Ifindm site and linker immediatdy prior to position one amino add residue. 
Asp, at the start of the mature protein. A Kpnl restriction enzyme 
endonuclease site was introduced after the stop codon in the mature k 
polypeptide. cDNA encoding the 93G7 clone was modified but introduction 
of a Kpnl restriction enzyme endonuclease site immediately prior to S* to 
amino add residue position Glu located at the start of the mature protein, and 
an SpHI restriction enzyme endonuclease site 3' to the stop codon in the 
mature IgGl protein. 

In another embodiment, we analyzed the ability of the Ig scaffold to 
facilitate production of two classes of heterodimers, TCR a,P heterodimers, 
and class n a, P heterodimers. The TCR heterodimer was draved fi-om the 
well characterized alloreactive, dass I-spedfic 2C CTL clone (24, 29). The 
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class n MHC heterodimer was drnved from the murine class n molecule l-Ek 
that had previously been modified to also encode a nominal p^tide antigen 
derived from moth cytochrome C (MCC) (21, 30). 

Soluble divalent TCR chimeras were generated by linking cDNA 
encoding the extracdlular domains of TCR a or p chains to cDNA encoding 
Igyl heavy and k light chain polypeptides, respectively. Site-directed 
mutagenesis was used to introduce restriction endonuclease razyme sites into 
the TCR a and p genes immediately preceding the regions oicoding the 
transmembrane domains (Figure 2). The enzyme sites introduced into the 
TCR cDNAs were complementaiy to those introduced into the 
immunoglobulin-cDNAs-5' to the re^ons encoding the intact immunoglobulin 
variable domains. The DNA encoding the restriction sites was part of a 
sequence encoding the six anfiino add glycine, serine linker (Figure IB) which 
was designed to allow flexibility. The TCR a-Igy and TCR P-IgK constructs 
were cloned into the modified dual promoter baculovirus e>q)ression vector, 
pAcUW5 1 (Figure 2) (2 1). This vector allows simultaneous expression of 
both chimeric chdns from cells infected with a single viral stock. 

For expression of soluble divalent class n MHC molecules, cDNAs 
encoding the I-Ek p and I-E a chains were genetically linked to cDNA 
encoding the Igyl heavy and k Hght chain polypeptides, respectively. The 5' 
end of the P cDNA was previously linked via a thrombin cleavage site to 
DNA encoding an antigenic peptide derived from MCC (readues 81-101) 
(21). Site-directed mutagenesis was used to introduce restriction enzyme 
endonuclease sites into the 3' r^on of the ^*^-Ekp and I-Ea genes 
immediately preceding the re^ons encoding the transmembrane domains, as 
described for 2C TCR. The constructs were doned into the dual promoter 
baculovirus expression vector described above. 

Figure IB depicts a schematic j'epresratation of a chimeric molecule. 
The a polypeptide is attached via a short sbc amino acid linka-, GGGTSG 
(SEQ ID NO: 10), to the amino terminal end of the variable region of the IgK 
chain, while the P polypeptide is attached via another sbc anuno add linker. 
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GSLGGS (SEQ ID NO: 1 1), to the amino terminus of the variable re^on of 
the IgY chain. 

EXAMPLE! 

This eTcample demonstrates detection of soluble heterodimeric 
proteins. 

Cells infected with baculovirus containing transfo* vectors encoding 
the soluble chimeric Ig constructs described above secrete a soluble chimeric 
Ig-like molecule detected by spedfic ETJSA assays 4-5 days post infection. 
For 2C TCR/IgG, the assay was based on a primary antibody specific for 
murine-IgGl Fc (plated at 10 ^g/ml) and a biotinylated secondary antibody, : . 
H57 (used at 1:5000 final dilution), specific for a conformational epitope 
expressed on the P chain of many TCR (Figure 5A) or biotinylated 1B2 or a 
monoclonal antibody spedfic for a clontoypic epitope expressed on 2C TCR 
(Figure 5B). For detection of I-E/IgG chimeric molecules, the same primary 
antibody was used and the biotinylated secondary antibody was 14.4.4, which 
is specific for I-E a chain (Figure 5G). Supematants firom infected cells were 
incubated for 1 hour at room temperature. Plates were washed extensively 
with phosphate buflfered saline, incubated with the biotinylated secondary 
antibody for 1 hour at room temperature. The plates were then washed and 
incubated with HRP-conjugated strepatvidin (100 ^1 of a 1:10000 dilution) . 
(Sigma, St. Louis, MO) for 1 hour at room temperature, washed and 
developed with 3, 3', 5, 5 -tetramethylbenzidine dihydrochloride (TMB) 
substrate for 3-5 minutes. Supematants fi"om cells infected with baculovirus 
containing the 2C TCR/Ig and I-E/Ig transfer vectors wctc compared to 
control supernatant fi^om cells infected with the wild type baculovirus. 

The chimeric protdns are conformationally intact as shown in Egure 
5. The soluble divalent 2C TCR/Ig is reactive with H57, a monoclonal 
antibody specific for a conformational epitope expressed on most TCRP 
chains as well as with 1B2, the anti-clonotypic monoclonal antibody 
determinant specific for the 2C TCR as shown in Figures 5 A and 5B. Soluble 
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divalent class n molecules are reactive with the confonnationally dq)eiident 
monoclonal antibody spedfic for a native alpha chain determinant only 
expressed on intact I-E moleoiles, monoclonal antibody 14.4.4 as shown in 
Figure 5C. The immunoglobulin portion of the chimeric molecules is also 
confonnationally intact. It is reactive in an immunoglobulin specific ELIS A, 
as mentioned above, and can be used to purify the chimeric molecules. 
Protein G or arsenate-sepharose affinity purification colimm methods can also 
be used. . - - 

The purified material has the expected molecular weights when 
analyzed by SDA-PAGE as depicted in Figure 6, The chimeric TCRp/IgK has 
an apparent molecular weight (MW) of 55,000 and the chimeric TCRoZI^ 1 
has an apparent MW of approximately 89,000, The chimeric I-Eo/IgK has an 
approximate MW of 44,000 and the chimeric I-Ep/IgY 1 has an j^parent MW 
of approximately 76,000. 

EXAMPLE 3 

This example demonstrates affinity measurements of soluble divalent 
TCR interaction with peptide/MHC complexes. 

A competitive inhibition assay was developed to measure the affinity 
of soluble 2C TCR/Ig for peptide/MHC complexes. This assay, dmilar to one 
previously used to determine the affinity of soluble monovalent 2C TCR for 
peptide/MHC complexes (Schlueter et al.. Journal of Molecular Biology 
256:859-869 (1996), is based on mAb 30.5.7 binding to a region of the x2 
helbc of H-2 L"^ that overiaps with TCR receptor binding (Solheim et al.^ 
Journal of Immunology 154:1188-1197 (1995); Solheam etal.. Journal of 
Immunology 150:800-81 1 (1993). 

Briefly, affinities of 30.5.7 Fab fragments for RMA-S L** ceils were 
determined by direct saturation analysis of 30.5.7 Fab binding to cells 
analyzed by flow cytometry. Cells were incubated with increasing amounts of 
FITC labeled 30.5.7 Fab, and dissodation constants were estimated from a 
plot of 1/MCF vs. l/[30,5.7 Fab]. Affinities of 2C TCR analogs w^e 
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determined by competition of the 2C TCR analog with a constant amount of 
FTTC labeled 30.5.7 Fab fragments for RMA-S L** cells as described above. 

was calculated from a plot of (% maximal 30.5.7 Fab binding)"^ vs. [2C 
TCR analog]. The was corrected for the aflSnity of 3 0.5. 7 Fab for 
RMA-S L** cells according to the equation Isltcr=K^(1+{30.5.7 
FablXims.?) (Schlueter et al, 1996). The values reported in the Table 2 are 
from one representative experiment that has been repeated at least three 
times. Each data point used in determination of the is the av^^e of 
duplicate points. Hence, the aflBnity of soluble TCR analogs was measured in 
terms of their inMbition of 30.5.7 bmding. 

To determine the aflfinity of the soluble 2C TCR andogs, one has-to^ ~ 
first determine the of 30.5.7 Fab firigments for peptide-loaded H-2 L** 
molecules. This measurement was determined by direct saturation analysis of 
30.5.7-FITC Fab binding to H-2 L*" molecules on the surface of RMA-S L*^ 
cells. RMA-S cells were chosen because these cells express empty MHC 
molecules that can be readily loaded with specific peptides of interest 
(Catipoviccra/., Journal of Experimental Medicine 176:1611-1618(1992); 
Townsendc/a/., iVoft/re 340:443-428 (1989). The affinity of 30.5.7 for H-2 
L*^ molecules is dependent on the peptide loaded into H-2 L** (Table 2). The 
affinity of the 30.5.7 for QL9-loaded H-2 L*^ molecules is 12.2 nM while the 
affinities for p2Ca, pMCMV and SL9-loaded H-2 molecules range 
between 4.8-6.4 nM. These small, peptide-dependent, differences in affinity 
are reproducible and variations in affinity were accounted for in the 
competitive binding assays. These values are in good agreement with the 
previously measured aflBnities of 1251-30.5.7 Fab for the same peptide/H-2 
L** complexes (8.8 to 16 nM; Schlueter etal, 1996). 

2C TCR/Ig inhibited binding of 30.5.7 Fab to H-2 L*" molecules 
loaded with either QL9 or p2Ca peptides, but did not inhibit 30.5.7 Fab 
binding to pMCMV loaded H-2 L** molecules (Figure 7). The affinity of 
soluble divalent 2C TCR/Ig for QL9 loaded molecules is 13.3 nM (Figure 7 
and Table 2), As expected, the affinity of 2C TCR/Ig for p2Ca loaded 
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molecules, 90 nM, is lower than that for QL9 loaded H-2 L**. Although a 
small amoimt of competitive inhibition was seen with SL9 loaded cells, the 
afi&nity of the soluble divalent 2C TCR/Ig chimeras for SL9 loaded molecules 
is too low to be accurately measured imder the conditions tested. 

In all cases analyzed, the affinity of the soluble divalent 2C TCR/Ig 
was significantiy higher than the affinity of the soluble monovalent 2C TCR 
for its cognate ligand (Figure 7 and Table 2). The affinity of soluble divalent 
2C TCR/Ig was 50-fold higher for QL9-loaded H-2 L** and at least 20-fold 
higher for p2Ca-loaded H-2 molecules than that of soluble monovalent 2C 
TCR for the same peptide/MHC complexes (Table 2). Thus, the affinity of 
soluble 2C TCR/Ig chimeras for cognate ligands was significantiy increased. 
The finding that the chimeric molecules of the present invention demonstrate 
increased affinity for their specific ligands over what is seen for monovalent 
molecules was not an expected result. In fact, the chimeric CD4-IgG 
molecules disclosed in Capon era/,. Nature 337:525-53 1 (1989), do not 
demonstrate improved target affini^. 



TABLE 2 

Measured AfTinities of TCR analogs for peptide loaded BMA-SL** ceils 



Peptide/MHC 


30.5.7 Fab 


2CTCR/Ig 


2C-sin TCR 


complex 










Kj(nM) 


Y^(jM) Kj(nM) 


K„(nl^ Kj(nM) 


QL9 


12.2 


18.3 13.3 


953.4 613.6 


p2Ca 


5.8 


107.7 90.5 


>2000^ >2000^ 


pMCMV 


4.8 


ndc^ ndc* 


_3 _3 



'ndc - no detectable coiiq)etition with 30.5.7 Fab fragments 

^ Competition was d^ected at the hi^iest concentration of 2C-smTCR used, bnt an accurate 
measure of the could not be determined. 
* - not done. 



37 



EXAMPLE 4 

This example demonstrates binding spedfidty of soluble divalent TCR 
chimeras to peptide-loaded H-2 L*^ molecules. 

Based on the relatively high affinity of soluble divalent 2C TCR/Ig for 
peptide/MHC complexes, we postulated that these molecules might be usefiil 
in analysis of peptide/MHC complexes by direct flow cytometry-based assays. 
To study peptide spedfidty of 2C TCR/Ig, we compared reactivity of 2C 
TCR/Ig with that of H-2 L** reactive mAb, 30.5.7, in direct flow cytometry 
assays. Specific peptides (see Table 3 for sequences) were loaded into H-2 L** 
molecules on RMA-S L** cells. Peptides listed in Table 2 are a collection of 
H-2 L** and H-2 K** binding peptides used in analysis of the reactivity of the 
soluble divalent 2C TCR/Ig. Lysis and aflBnity data are summarized firom 
their primary references (Corr et aJ., Science 265:946-49, 1994; Huang et a/., 
Proc. Nati. Acad. Sci. 93, 1996; Solheime/o/., J. Immunol. 150:800-811, 
1993; Sykulev etal.. Immunity 1:15-24, 1994^ Sykulev etal,, Proc. Nati. 
Acad. Sci. 91:11487-91, 1994b; Tallquist etal., J. Immunol 155:2419-26, 
1996; Udaka etal.. Cell 69:989-98, 1996; VanBleek and Nathanson, Nature 
348:213-16, 1990). 
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TA BLE ? 



Peptides used in this study: 
Their reported eflfectiveness in 2C CTL assays and 
affinities of 2C TCR for peptide/MHC complexes. 



peptide 
name 


peptide 
sequence 


restriction 


zi^-tneaiaieu 
lysis 




p2Ca 


LtOirrtrriJL, (SEQ 
roNO:12) 


TT O T J 


+++. ^ 


0.5-0.1 


QL,9 


(SEQIDK0:13) 


xl-Z Lxi 


1 1 1 1 


0.066 


SL9 


LSPFPEDLL 

(SEQIDNO:14) 


H-2Ld 


+/- 


71 


turn 


TQNHRALDL 

(SEQIDNO:15) 


H-2Ld 


na 


na 


pMCMV 


YPHFMPTNL 

(SEQ ID NO: 16) 


H-2Ld 


_ 


nd 


gp70 


SPSYVYHQF 

(SEQIDNO:17) 


H-2Ld 


na 


na 


dEV-8 


EQYKFYSV 

(SEQIDNO:18) 


H-2Kb 




unknown 


ciEV-8 




H-2Kbm3 


-h-i-h 


unknown 


SIY 


SIYRYYGL (SEQ 

IDNO:19) 


H-2Kb 


+++ 


unknown 


SIY 




H-2Kbm3 


unknown 


unknown 


pVSVNP(52-59) 


RGYVYQGL 

(SEQIDNO:20) 


H-2Kb 




nd 



aa - not available. 

nd - none detected The afl5nitywa:c below tbe srasitivity of the assay iised. 



The temperature-dependent reactivity of RMA-S L** with 2C TCR/Ig was 
significantly diflFerent than the reactivity of RMA-S L"* with mAb 30,5.7. As 
expected (Solheim etal., 1995; Solheim etal, 1993), RMA-S L*^ ceUs 
expressed more serolo^cally reactive H-2 L** molecules recognized by mAb 
30.5.7 on cells cultured at 27°C than v/hen cells were cultured at 37°C 
(Figure 8 A); mean channel fluorescence (MCF) increased approximately 5- 
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fold. Thiis the epitope on H-2 molecules recognized by mAb 30.5.7 can 
be stabilized by incubating cells at low tranperatures. In contrast, RMA-S L** 
cells expressed very low amounts of H-2 L** molecules recognized by 2C 
TCR/Ig on ceUs cultured at either 2TC or at 3TC (Figure 8, Panel E). This 
finding is consistent with the expected pq)tide-dependent reactivity of 2C 
TCR/Ig which should not recognize unloaded MHC, even when 
conformationally stabilized by decreased temperature. 

2C TCR/Ig reactivity also showed exquisite peptide specificity. As 
expected, all H-2 L*-binding peptides stabilized expression of the epitope 
recognized by mAb 30.5.7 (Figure 8, Panels B-D and Figure 9). Only H-l L* 
molecules loaded with 2C reactive peptides, peptides p2Ca, QL9, and SL9 
expressed peptide/H-2L"* epitopes that reacted with 2C TCR/Ig (Figure 8, 
Panels F-H and Figure 9). MCF increased approximately 10- to 200-fold, 
fi-om a MCF of 10 for either unloaded cells or cells loaded with an irrelevant 
H-2 L** binding peptide, to as high as 2200 for RMA-S cells loaded with 
peptide QL9 (Figure 9). The pattern of reactivity numicked the known 
affinities of monovalent 2C TCR for peptide/H-2 L'' complexes (see Table 3 
for affinities). RMA-S L** cells loaded witii peptide QL9, p2Ca, or SL9 had 
MCF values of 2200, 550, and 100, re^ectively, when stained with 2C 
TCR/Ig. Thus, soluble divalent 2C TC»/Ig chimeras reacted strongly with 
QL9/H-2 L" complexes, modestiy with p2Ca/H-2 L* complexes, and weakly 
with SL9/H-2 complexes. The fact that 2C TCR/Ig bound to SL9-loaded 
H-2 molecules indicates, that even in a direct flow cytometry assay, 
soluble divalent 2C TCR/Ig chimeras could be used to detect spedfic 
peptide/MHC complexes that have affimties as weak as 71 \iM for 
monovalent 2C TCR. 

EXAMPLE 5 

This example demonstrates inlulntion of in vitro 2C T cell mediated 
lysis by soluble divalent 2C TCR/[g molecules. 

Soluble divalent 2C TCR/Ig blocks 2C reactive T cell responses. 
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Since soluble divalent 2C TCR/Ig intmicts with high avidity with H-2 L** 
molecules loaded with the q)propriate peptides in the flow cytometry assay, 
we explored whether the reagent could eflFectively inhibit 2C T cells in in vitro 
cytotoxicity CTL assays. This was analyzed using a cell line derived from 2C 
transgenic mice to lyse tumor target cdls expressing H-2 L*". CTL were tested 
in a routine 4 hour ^^Cr cytotoxicity assay. Untransfected, MC57G, and L** 
transfected, MC57G L**, cells were used as targets. The percent specific lysis 
was determined as: ^*Cr cpm (experimental) -CPM (spontaneous)/cpm 
(maximum) -cpm (spontaneous). Standard errors were routinefy less than 5% 
and spontaneous release was usually 10-15% of maximal release. 

Using both untransfected MC57G and transfected, MC57G L**, we 
were able to establish a window of H-2L*^ specific lysis mediated by the 2C 
CTL line. To test the influence of 2C TCR/Ig, target cells were pretreated 
with either 2C TCR/Ig, or I-E^/Ig and analyzed for lysis by the CTL cell line 
derived from 2C transgenic mice. Significant inhibition of lysis was seen at 
each eflfector to target cell ratio analyzed when cells were treated with 2C 
TCR/Ig (see Figure 10). While some non-specific inhibition was seen in the 
I-E''/Ig treated target cells, significantly more inhibition was sera in the 2C 
TCR/Ig treated target cells. 

In this assay, the target cells were normal tumor cells v^ch load their 
cell surface MHC molecules with a variety of different endogenous peptides. 
Using these target cells, one does not need to specifically load H-2 L** 
molecules with the p2Ca peptide, since p2Ca or p2Ca-like peptides, together 
with a large number of irrelevant peptides, are endogenously loaded onto 
cellular MHC molecules. Inhibition of CTL-mediated lysis indicates that 
soluble divalent 2C TCR/Ig can effectively interact with the relevant peptides 
even within a milieu of a large numb^ of irrelevant peptides. Thus, this 
approach could be used to search the universe of peptide/MHC complexes to 
identify only those complexes relevant to specific T cell responses of interest. 
In particular, these high avidity soluble analogs of heterodimeric proteins may 
specifically be usefiil in identification of unknown tumor and autoinunune 
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antigens. 



F.XAMPLE 6 

This example demonstrates binding of soluble divalent TCR chimeras 
to self restriaed peptide/MHC complexes. 

In addition to recognizing peptide/H-2 L* Ugands, two peptides, SIY 
and dEV-8, that sensitize either H-2 K" or H-2 K*^ targets for lysis by 2C 
CTL have also been defined (see Table 3 for sequences). To analyze the 
ability of 2C TCR/Ig to bind to these alternate 2C-reactive complexes, the 
binding of 2C TCR/Ig to peptide loaded transfected T2 cellg was studied. 
Since T2 ceUs are derived fi-om a human cell line, T2 ceUs do not naturally 
express H-2 K' as do RMA-S ceUs. Thus to study the binding of 2C TCR/Ig 
to peptide-loaded H-2 K" or various H-2 K'~ mutant molecules, the T2 
system was chosen since it is not complicated by the expression of MHC 
molecules fi-om the parental ceU line. Similar to RMA-S L" cells, T2 ceUs 
also express empty MHC molecules that can be readUy loaded with different 
peptides. For these studies peptiderloaded T2 ceUs transfected with: H-2 K^ 
T2 K"; H-2 K*^, T2 K*^; and H-2 K*"", T2 K*"" were utilized. TaUquist et 
al. Journal oflmmunology 155:2419-2426 (1995); Tallquist er a/.. Journal 
of Experimental Medicine 184:1017-1026 (1996). 

Peptide SIY-loaded T2 K* or T2 K*"" ceUs both expressed epitopes 
recognized by 2C TCRAg (Figure 1 1 A and 1 IC). MCF of ceUs incubated 
with 2C TCR/Ig increased approximately 20 fold fi-om 14 for pVSV loaded- 
to 276 for SIY loaded-T2 K" and from 16 for pVSV loaded- to 250 for SIY- 
loaded T2 K^". SIY-loaded T2 K*"* ceUs showed a much weaker but still 
significant interaction with 2C TCR/Ig (Figure 1 IB); compare SIY-loaded 
(soUd lines; MCF, 36) to pVSV-loaded (dotted lines; MCF, 12) T2 K*^ 
ceUs. The 2C TCR/Ig binding data to SIY/MHC complexes was consistent 
with 2C CTL mediated lysis on various SIY/MHC targets (Figure 12). 2C 
CTL mediated efficient lysis of SIY loaded T2 K" and T2 K*"" ceUs (Figure 
12B and data not shown, LD50 -10 ng/ml for SIY/ T2 K"). 2C CTL 
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mediated lysis of SIY loaded T2 cells was significantly less eflBcient 
(Figure 12C, LD50 --100 ng/ml). 

The binding of 2C TCR/Ig to dEV-8 loaded cells revealed a striking 
difference between the aflBnity of 2C TCR/Ig for dEV-8/MHC complexes and 
the ability of that same peptide/MHC compile to mediate lysis by 2C CTL. 
As expected, dEV-8 loaded T2 K** cells were neither lysed by 2C CTL (Figure 
12B), nor were they recognized by 2C TCR/Ig in flow cytometry assays 
(Figure 12A). Inta^estingly, no significant binding of 2C TCR/Ig could be 
found to dEV-8 loaded T2 K*^ cells (Figure 12B), MCF of cells stained with 
2C TCR/Ig was sunilar whether cells were loaded with either dEV-8 or a 
control H-2 Kb-bmding peptide, pVSV (Figure 12; compare dotted to dashed 
lines). This is most suq)rising in that, consistent with previous reports 
(Tallquist et aL, 1996), dEV-8 loaded T2 K**^ cells were efficiently lysed by 
2C CTL (Figure 12C). In fact, dEV-8 loaded T2 K*^ cells were much better 
target cells (LD50 -^.S-l.Ong/ml), than SIY loaded T2 ¥^ cells (LD50 
-lOOng/ml), where a significant binding of 2C TCR/Ig was seen (Figure 
12B). The efficiency of lysis by 2C CTL of dEV-8 loaded T2 K**^ ceUs, was 
on the same order of magnitude as that of p2Ca-loaded T2 L** cells (Figure 
12A, LD50 -O.Sng/ml), which was also efficiently recognized in the 2C 
TCR/Ig binding assay (Figure 8). A similar, although significantly less 
dramatic, lack of correlation between cytolysis and 2C TCR/Ig binding was 
seen for dEV-8 loaded T2 K*«*" cells. dEV-8-loaded T2 Kb"** ceUs are 
relatively poor targets for 2C CTL (Tallquist et al, 1996) (data not shown), 
but were also not reactive with 2C TCR/Ig in flow cytometry assays (Figure 
IIC). 

EXAMPLE 7 

This exanq>le demonstrates analysis of the effects of y-IFN on 
expression of endogenous 2C-spedfic peptide/MHC complexes. 

The spedfidty and affinity of 2C TCR/Ig for peptide/MHC complexes 
suggested that one might be able to use this reagent to probe the influence of 
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lymphokines on endogenous, cell surface, peptide/MHC complexes. To 
analyze this possibility and to follow the expression of endogenous 
2C-reactive peptide/H-2 L** complexes within a heterogeneous peptide/MHC 
environment, the influence of y-IFN on the H-2 L**-expressing murine cell line 
RENCA was studied. 

RENC A cells were cultured in the presence of variable amoimts of 
Y-IFN to induce up-regulation of naturally loaded peptide/MHC complexes. 
2C TCR/Ig binding to RENCA cells increased as a function of y-IFN 
induction (Figure 13 A-D, solid lines). The eflFect of y-IFN was dose 
dependent with a maximal 2-3 fold increase seen on cdls treated vAth 10 
units/ml of y-IFN, Since y-IFN is known to have a direct fiflfect on class I__ 
expression (Figure 13E-H) (Hengel et al. Journal of Virology 68:289-297 
(1994), it is necessary to normalize for any non-specific 2C TCR/Ig binding 
secondary to increased expression of H-2 L*". This was accomplished by 
incubating RENCA cells with a control irrelevant H-2 L'^-binding p^tide, 
pMCMV. 

Since p2Ca is known to have a weak aflBnity for H-2 L** (Sykulev et 
al. Immunity 1:15-22 (1994a) exchange with a higher aflBnity H-2 L** binding 
peptide like pMCMV (Sykulev et aL, 1994a) should be very eflSdent. 
Therefore, background reactivity of 2C TCR/Ig could be determined by the 
eflBcient displacement of endogenous p2Ca or p2Ca-like peptides by 
incubating the cells with saturating amounts of the control pMCMV peptide. 
In all cases, 2C TCR/Ig binding could be blocked by prior incubation of cells 
with the control H-2 binding, pMCMV (Figures 13 A-D, dotted lines). 
Prior incubation of RENCA cells with a 2C spedfic peptide, QL9, induced a 
dramatic increase in 2C TCR/Ig binding. The results of these experiments 
indicate that 2C TCR/Ig can be used as a sensitive probe to analyze cell 
surface expression of endogenous 2C-reactive peptide/MHC complexes. 

The eflfect of y-IFN on 2C TCR/Ig reactivity was distinct firom its 
effects on 30.5.7 reactivity. At all concentrations analyzed, 5-50 units/ml, 
Y-IFN induced a 5-6 fold increase in serologically reactive H-2 L**, as 
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recognized by mAb 30.5,7 (Figure 13E-H). MCF of unstimulated RENCA 
cells was 500, while the MCF of y-IFN stimulated cells was between 2666 
and 3038. The maximal effect of y-IFN was seen at the lowest dose used in 
the experiment presrated, 5 units/ml, and in other e>q)eriments was seen even 
at dose of y-IFN as low as 1 unit/ml. 

Interestingly, the dose response curve of y-IFN on 2C TCR/Ig 
reactivity was shifted. y-IFN at 5 units/ml had a relatively small but 
significant eflfect on 2C TGR/Ig reactivity. Maximal eflFects of y-IFN on 2C 
TCR/Ig reactivity required y-IFN treatment at 10 units/ml, approximately 
ten-fold more than needed for maximal effects of y-IFN on 30.5.7 reactivity. 
These results indicate a differential effect of y-IFN on MHC heavy chain 
expression than that of y-IFN on spedfic peptide antigen/MHC complex 
expression. 

These results show that this ^proach is a general one for producing 
soluble divalent verrions of heterodimeric proteins. Soluble divalent analogs 
of heterodimeric proteins of this invention are characterized as having high 
avidity or aflfinity for their target ligands. The same technology for generating 
soluble divalent hetCTodimeric proteins can be used to develop other 
molecular complexes, including both rodent and human class n HLA 
molecules and a/p and y/8 T cell receptors. 

EXAMPLE 8 

This example demonstrates peptide spedfidty of 2C TCR/IgG. 

To examme potratial uses of TCR/IgG molecular complexes, we 
analyzed the specifidty and sensitivity of 2C TCR/Ig recognition for 
peptide/MHC complexes. Initially, we compared the ability of 2C TCR/IgG 
to detect spedfic pq)tide/MHC complexes using either 2C TCR/IgG or the 
alloreactive L**-spedfic mAb, 30.5.7. 

For these e5q)eriments, the 2C-reactive peptides, p2CA and QL9, were 
loaded into L** molecules repressed on T2-L*^ cells. These cells have a defect 
in the antigen processing pathway and therefore express empty Ld molecules 
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that serve as a source of L** molecules that can be homogenously loaded 
peptides of interest. 

2C TCR/IgG binds to peptide-loaded cells in a dose-dependent 
fashion similar to the binding of mAb 30.5.7 (Figure 14). Mean channel 
florescence (MCF) of peptide-loaded cells stained with 2C TCR2IgG 
increased from a value of 1 to 600 for p2CA loaded cells and to 
approximately 2500 for QL9-loaded cells, as was observed in previous 
reports (31, 32). MCF of cells stained with 30.5.7 increased from 500 to 
approximately 3000 for both p2CA and QL9 loaded T2-L** cells. 2C TCR/Ig 
was as sensitive as mAb 30.5.7 in detecting peptide stabilized H2L*^ molecules 
on T2TJ cells. Even the lowest peptide concentration that stabilized sufficient 
amounts of L** molecules for recognition by 30.5.7, 0.1 nM QL9 and 1 nM 
p2CA, also stabilized sufficient amounts of L*' molecules for recognition by 
2C TCR/IgG. Thus, 2C TCR/Ig was as sensitive as mAb 30.5.7 at 
recogni^g specific peptide/MHC complexes. 

We next compared the ability to use soluble divalent 2C TCR/IgG to 
soluble monovalent, 2C TCR in flow cytometry. Previously, we had 
measured the "relative affinities" of these two moieties for cognate 
peptide/MHC-complexes and had shown that the divalent TCR displays an 
approximately 50 fold-enhancement in "avidity." Binding of 2C TCR/IgG to 
QL9-loaded L** molecules was very sensitive and could be detected even at 
the lowest concentration tested, 1 nM (Figure 15), In contrast, greater than 
100 nM of soluble monovalent 2C TCR was required to detect binding to 
QL9-loaded L** molecules. 

The diflFerence in "relative affinity" had an even more dramatic impact 
on the ability to detect p2CA loaded Ld molecules. Approximately, 3 nM of 
2C TCR/IgG was required to detect p2CA-loaded L** molecules. Even at the 
highest concentrations tested, 3000 nM, soluble monovalent 2C TCR could 
not detect p2CA-loaded L** molecules. L** molecules loaded with a control 
peptide, MCMV, were not recognized at any concentration by either soluble 
monovalent or divalent 2C TCR. 
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To further demonstrate the eflBcacy of 2C TCR/Ig in analyzing 
pepMHC complexes, an array of p2Ca peptide variants boimd to L** were 
tested in the direct flow cytometry assay (Table 1, Figures 16A-16D). As 
expected, QL9-loaded U-llJ expressing cells had the highest MCF, -3000, 
when stained with 2C TCR/IgG, while p2Ca didted a signal ^proximately 
10-fold lower (Figures 16A and 16C). 

Peptide spedfidty of 2C TCR/IgG was fiirther demonstrated by the 
differential binding of 2C TCR/Ig to L*' molecules loaded with p2Ca, and its 
peptide variants, A1-A5, A7, Dl, L4 and Y4, (Figures 16C and 16D). 
Specifically, peptide variants Al, A2, Dl, L4 and Y4 each itabilized the L** 
molecule were all recognized to varying extorts by 2C TCR/IgG. „ 
molecules loaded with other peptide variants, A3, A4, A5, and A7, could not 
be detected by 2C TCR/Ig, even though these peptides all stabilized L** as 
measured by 30.5.7 binding. These data are ^milar to the previously 
published data based on sur&ce plasmon resonance (SPR) (33). 

Thus, there were no peptides detected by SPR that were not also 
recognized by 2C TCR/IgG in the flow cytometry-based assay. Together, 
these data indicate that 2C TCR/IgG is both a specific and sensitive probe for 
cognate ligands. 

PXAMPJUE? 

This example demonstrates that ^^^-E^'/IgG binds and activates a 
cognate T cell hybridoma. 

To assess the interaction of soluble divalent I-E analogs with antigen 
specific T cells, we determined whether '^^^-E^/IgG could stain antigen 
specific T cell hybridomas. ^^^-E^/lgQ binds specifically to 5KC, a moth 
cytochrome C (MCC)-specific, I-E*^-restricted T cell hybridoma (Figure 17). 
Mean channel fluorescence of 5KC cells stained with *'*^-E^/Ig increased 
approximate 15-fold, fi^om 19 to 300. Spedfic staining of 5KC cells was seen 
with as little as 5 nM of ^^-E'^/Ig complexes. In contrast, ^^-E^flg 
complexes did not react with DOl 1 . 10, an irrelevant control T cell hybridoma 
specific for ovalbumin peptide in the context of I- Ad (Figure 17), even though 
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both 5KC and DO 1 1.10 expressed the same level of TCIL 

The biological activity of *^^-E''/IgG was fiirtha- assessed by 
comparing the ability of ^^-E*'/IgG and anti-CD3 mAb to stimulate the 
antigen specific T cell hybridomas, 5KC and DO 1 1.10. For these assays, 
proteins were immobilized on plastic, and activation of 5KC or DOl 1, 10 cells 
was assayed by lymphokine secretion. Immobilized ^^-E^/IgG stimulated 
IL-2 production by 5KC but not DO 1 1 . 10 (Figure 1 8). ^^-E'^/IgG 
stimulated 5KC to produce IL-2 at a levd comparable to or slightly better 
than did anti-CD3 mAb. At the lowest concentration tested (92 ng/ml), 
approximately 10-fold greater stimulation was achieved with ^-E^/IgO 
over anti-CD3 mAb. 

These results demonstrate that even when immobilized on a plate, 
soluble divalent ^^-B^/lgG retains its spedfidty for its cell-surface cognate 
TCR and is as efficient at activation of antigen-specific T cells as is anti-CD3 
mAb. 
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